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First-year growth and survival of habitat revegetation trials on the lower Colorado River,
Mexico.
Chairperson: Dr. Stephen Siebert
Sweeping changes across the Colorado River watershed in the 20th century resulted in
near-complete collapse of the natural communities in the Colorado River Delta (CRD) in
Mexico. A brief return of freshwater flows in the 1980s and 1990s showed the riparian
corridor remains resilient to past damage, and the CRD remains a vital area for habitat
conservation and restoration. This project aimed to test conclusions drawn from similar
projects in the United States and show that revegetation projects are possible along the
lower Colorado River in Mexico.
From November 2006 to October 2007, we tested the effects of various treatments on
the first-year growth and survival of irrigated mesquite seedlings (Prosopis glandulosa
and P. pubescens) and rooted cuttings of cottonwood and willow (Populus fremontii and
Salix goodingii). Mean first-year growth of seedlings planted from 2.8-L pots was
comparable between fall-planted honey mesquite and spring-planted honey mesquite.
Fall-planted screwbean mesquite were affected by a larval infection and grew far less
than spring-planted screwbean mesquite. Slow-release fertilizer had no effect on
mesquite seedlings planted in the fall. Seedlings planted in the spring from 2.8-L pots and
12-cm plugs had similar first-year growth for both mesquite species. Rooted cuttings of
cottonwoods grew taller on average than cuttings of willow trees in the first growing
season, and each species performed better from 2.8-L pots than 12-cm plugs. Within the
time windows we tested, potting date and planting date did not measurably influence
ending height for rooted cuttings. Survival was encouragingly high throughout this first
season for mesquite seedlings as well as rooted cuttings, and the plantings ended the first
growing season in good condition.
Additionally, we ran pilot studies to test factors affecting the growth of cottonwood and
willow pole plantings, the effect of watering regime on mesquite seedlings, and nursery
preparation on the growth of mesquite seedlings. These tests were inconclusive, but I
discuss the preliminary results.
Our results support and expand upon many of the conclusions of similar restoration
projects undertaken in the United States, and demonstrate that areas within the Colorado
River riparian corridor in Mexico are suitable for habitat improvement.
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BACKGROUND

PROJECT DEVELOPMENT

This project was exactly the kind I hoped to complete when I began the Master’s
program in International Conservation and Development (ICD) over two-and-a-half years
ago. Working on a habitat restoration project in the Colorado River Delta (CRD) was a
chance to pursue my academic interests, experience a new geographic setting, learn the
practical elements of conservation work, and adapt to the challenges of an unfamiliar
setting.

My time in Mexico left me with unanticipated insights and skills, which I think

is a sure sign of personal growth.
Before launching into the technical portion of my study, it will be useful to
provide some explanation as to how I became involved in this work. The rightful starting
point in this story is probably January of 2003. As an undergraduate at Gustavus
Adolphus College (St. Peter, MN) I was fortunate to take part in a short travel course
about the Natural History of California. This trip included several elements that would
reveal themselves as important only later, such as my first visit to the Hoover Dam and
my first exposure to literature concerning the Colorado River (authors John Wesley
Powell and Marc Reisner, among others). An especially captivating moment, however,
was the chance to meet Peter Bowler, a lecturer at the University of California, Irvine.
Dr. Bowler spoke about his work concerning the psychological restoration that often
accompanies hands-on, restorative work in natural settings. He and his colleagues
performed studies that showed experiences in nature can reduce physiological and mental
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stress, enhance mental dexterity, and boost overall happiness. This phenomenon can be
manifest to such a degree that hospital patients recovering from surgery recover faster
and less-painfully when able to view natural scenes through their hospital windows
(Hartig et al. 1991, Hartig et al. 2001). His talk not only introduced me to the idea of
ecological restoration as a discipline, but also provided a tantalizing human connection
that remained on my mental back-burner in the following years.
After my college graduation and a short-term stint with the Forest Service in
northern Idaho, I accepted an internship with the Golden Gate National Parks
Conservancy in San Francisco, CA (http://www.parksconservancy.org). I worked for
half a year as a Restoration Intern with the Site Stewardship Program (SSP), a
community-based program responsible for long-term management of four sites within the
Golden Gate National Recreation Area. This was a fantastic experience. I learned a
great deal about the native animals and plants in the San Francisco Bay area, but more
importantly I learned that restoration work felt very satisfying. Ecological restoration
offers an appealing, active outlet compared to the sometimes hands-off message of the
conservation movement. In the academic arena, habitat restoration also presents an ideal
opportunity to learn about natural systems. What better way to learn about an ecosystem,
and challenge commonly-held ideas about its workings, than attempt to repair it after
human-caused damage?
Along with these positive qualities, restoration offers a chance for widespread
community involvement. Bringing literally hundreds of new volunteers to work at SSP
sites was a chance to advertise our message to a large audience. Once at a work day, I
saw two usually boisterous and brash teenagers turn into speechless observers when an
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endangered mission blue butterfly flitted into the area we were working. It was a great
moment to attach importance to the doldrums of weed pulling. Repeatedly connecting
with long-term volunteers reinforced the idea of the transformative interaction between
people and natural places. Volunteers from Pacifica who watched our work site at Mori
Point change from a BMX racetrack into a scenic open space were awed by the changes
over time, and committed to continue the work.
After I left the Golden Gate National Parks Conservancy to begin the ICD
program at the University of Montana, habitat restoration remained my focus. I chose to
design my research with an international environmental organization rather than serve in
the Peace Corps, primarily so I could have the latitude to pursue a project that matched
my specific interests. It was difficult to find an organization willing to work with a
graduate student and I clearly remember sending a preliminary email to the Sonoran
Institute (SI) with my fingers crossed. It was one of several dozen similar emails.
Luckily, Francisco Zamora, director of the Sonoran Desert Program at SI, responded to
my inquiry in January of 2006. (SI has since done a little structural reorganizing, and
Francisco is now the program director of the Upper Gulf Legacy Program.)
Our initial conversations were deliberate, trying to determine exactly what each
party offered the other. I knew that SI, a Tucson-based NGO, was involved in ecological
restoration activities in the CRD and that community participation was important to their
projects. I didn’t know exactly how they translated these concepts into actual work, or
how to integrate myself into the process. Francisco eagerly explained that SI valued a
scientific approach toward their restoration activities, and there were ample opportunities
to conduct graduate-level research. Additionally, Francisco told me that the goals of
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enhancing local livelihoods and encouraging local participation were among the top
priorities of the Sonoran Desert Program. I knew that much of SI’s work in rural
communities in the United States encouraged local residents to invest in the planning and
completion of natural resource projects. I wanted the communities in the CRD to be
included in my work as well.
Initially, I had broad ideas for a project to aid SI’s work in the CRD. I thought I
might develop a landscape monitoring protocol to accurately depict the changes
occurring over time in their project areas. An element of the SSP program that I admired
had been the consistent project monitoring and the powerful impression of presenting
these photos to decision-makers and the general public. I wanted SI to be able to vividly
document their work over time with concrete evidence, both numerically and visually.
As our conversations continued and began to include other members of the CRD
conservation community, my ideas gradually became more site-specific. In one
particular phone call with Francisco and Osvel Hinojosa, regional director of the Mexican
environmental organization Pronatura Noroeste A.C., we began to focus on the questions
concerning actually doing the restoration work. This was a turning point, and I became
interested in designing an experiment to test various approaches of establishing native
riparian trees on the lower Colorado River.
Again, my first ideas were big-picture. Was it possible to compare active versus
passive restoration techniques along the lower Colorado River? Would flood irrigation
compare favorably to drip irrigation in this setting? Does thorough removal of saltcedar
before planting lead to long-term establishment success? After I traveled to Tucson and
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Mexicali for a week during March 2006, however, it became clear that I needed to
become even more focused with my questions.
After visiting, I realized that SI needed help taking the first step in their
restoration mission. Work in the CRD was supposed to be guided by a restoration master
plan, which would dictate the various treatments and best-management practices for
accomplishing the project goals. It soon became clear that this master plan was not going
to be completed in the near future, and Francisco was obligated by a grant to complete 10
ha of habitat restoration and “wetland enhancement” in 2006. Therefore, I made my
objective to design a project to specifically help SI reach this goal and allow them to
learn about the process.
SI cooperates with a local community organization called AEURHYC
(Asociación Ecologica de Usarios del Río Hardy y Colorado) to operate a native-plant
nursery for mesquite, cottonwood, and willow trees. Revegetation projects with these
species became my new focus. I talked to personnel from National Wildlife Refuges in
the region, the Ahakhav Preserve of the Colorado River Indian Tribes, the University of
Arizona, and a privately owned restoration business. I also started researching the
published literature concerning native species and habitat restoration on arid-zone rivers.
This helped me draft a list of questions from a management and application perspective
that I could address with my study. It was a thrill to shift my focus to the level of project
implementation and start designing experimental treatments for a revegetation project. I
was surprised that the task of making these decisions had fallen into my lap, but
Francisco was encouraging and confident in my ideas. Later, I would learn that this
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attitude is how he faces nearly every uncertainty or obstacle, which proved to be one of
his most admirable qualities as a director.

ON-SITE ADJUSTMENT

It didn’t take long to figure out that flexibility would be crucial to my sanity, as
well as to the completion of this project. Interestingly, adjustments to my project popped
up before I even left the University of Montana campus. After all of my phone
interviews and literature searching, I was confident with the experimental design and
convinced that I would be able to begin planting immediately. I planned to arrive in
Mexico in early June 2006, which would be ideal for the seedlings and allow me to
record a full year of data before returning to Missoula to finish my degree. The plans
began to change in May, when the native-plant nursery experienced a widespread die-off
for an unknown reason. The only surviving trees were seedlings of honey and screwbean
mesquite, which greatly simplified my experimental design but eliminated the chance to
compare mesquite species side by side with cottonwood and willow.
The Comisión Nacional del Agua in Mexico (CONAGUA) provided the next
unexpected hurdle in May when it informed SI that we would not be allowed to plant any
trees within the river’s floodplain. The lower Colorado River in Mexico is bounded on
both sides by nationally owned levees and irrigation canals, so the area inside these
levees is what remains of the floodplain. Nearly every square meter of the northern CRD
along the river is under cultivation, which leaves the floodplain as the only option for
working on public land. CONAGUA has jurisdiction over this land, however, and it is
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their priority to keep the river channel open in order to protect against an unexpected
deluge of water from the United States. When informed of our project, they were
convinced that a natural riparian forest would impede floodwaters and thus present a
danger to the surrounding fields.
Fortunately, Francisco and colleagues eventually convinced CONAGUA to
change their ruling on the matter, so this obstacle merely delayed our planting date until
October. This delay did not stop me in my tracks, though. It presented an opportunity to
do some pre-planting fieldwork and a great chance to collaborate with other
organizations. Bertin Anderson, a revegetation guru from Blythe, CA, told me to
complete a thorough soil analysis prior to planting an area. Jorge Ramirez, a professor at
the Universidad Autónoma de Baja California (UABC) wanted to investigate the soils
along the river and had students plus the necessary equipment. Francisco took me to
meet Jorge after I arrived, and within a week I was able to start working with a field crew
to implement Bertin’s protocol.
This was a disorienting way to begin my fieldwork in Mexico. I was immediately
thrown into a leadership role and required to communicate to unfamiliar people about an
unfamiliar subject in an unfamiliar language. My Spanish improved greatly, we
completed a great deal of work, and I made contacts with people that would continue to
help and guide me throughout my time in Mexico. The soils and groundwater data we
collected helped validate our selected planting sites, and will provide a core dataset for
one or two graduate students in Jorge’s lab at UABC. The field crews from Pronatura
and AEURHYC worked with me time and again, including the month of September when
we completed initial vegetation descriptions of two potential restoration sites. Pronatura
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also provided the fieldwork protocol for this survey, which allowed us to capture
information about the status of the sites before restoration work began.
After a whirlwind beginning, I was finally prepared to start planting trees and
testing the questions I had held in mind for so long. Planting in October rather than June
raised an additional question that hadn’t been explored in the literature: how would
seedlings planted in late fall compare to those planted the following spring? After
conversations with Bertin, Osvel, and Ed Glenn (a University of Arizona professor who
initiated much of the renewed interest in the CRD), we decided it was worth the risk to
test dormant-season planting.
This pattern was often repeated in the course of my project. Diligent preparation
was vital to establish questions and gather information, but events unfolded in an
unpredictable manner that resulted in considerable re-shuffling of the plans. Practical
concerns outside our control dictated much of our decision-making, which meant that the
interests of rigorous science often had to follow along with what was feasible, affordable,
and allowable.
Therefore, considerations like vehicle access sometimes determined locations in
which we could collect soil samples and areas for planting. Water supply and the threat
of vandalism eliminated one of our potential restoration sites from consideration.
Working with limited resources of money, labor, and time certainly changed some of the
details of my experimental design and limited the sheer amount of work we could
accomplish. I assume that projects of any kind run into reliability problems in Mexico,
which affected tasks from buying rubber tubing to ensuring that hired workers would
show up from day to day.
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Through it all, my colleagues at SI, AEURHYC, Pronatura, and UABC managed
to remain upbeat, positive, and realistic. This was a great lesson and I tried to follow
their example, always tempering my goals and wishes with a touch of fatalistic realism. I
remember how shocking it was to see my first fire fueled by wheat stubble and trash
along the river. Half a year later, I remember the moment that I forced myself to
acknowledge that all of our work could disappear in flames overnight. The thought made
me queasy, but it was calming to admit this possibility.
My responsibilities gradually expanded until I was managing our field crew and
coordinating most of the fieldwork at our restoration site, but this pressure didn’t really
bother me after I adjusted my attitude. I didn’t let myself become despondent when
unplanned obstacles forced us to change direction, and I tried to stay flexible whatever
the occasion. When beetle larvae ate almost 20% of our fall-planted mesquite seedlings,
it became an opportunity to re-plant in the same locations with springtime mesquites and
cottonwood-willow cuttings. When a fire burned a large stand of saltcedar across the
lagoon from our restoration site on Easter weekend, we were happy that the fire had done
the work for us. We decided to turn the area into a park, which incidentally offered a
wonderful view of our restoration site. As of October 2007, the young trees are already
planted and growing well.
At the risk of sounding redundant, I’ll go ahead and say it again: The need to
adapt and remain positive was vital during this project, and it was one of the most
important lessons I learned from my year in Mexico. Along the way, we accomplished a
great deal of work and produced a useful contribution to the body of knowledge
concerning riparian restoration on the lower Colorado River. Land managers and
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restoration scientists attempting similar projects in the southwestern United States and
Mexico will benefit from reading the results of this study, which I intend to submit for
publication in Wetlands, the Journal of the Society of Wetland Scientists. The following
manuscript covers the questions that I attempted to answer in our pilot-scale revegetation
projects. First, it will be useful to provide a little background material on the Colorado
River watershed and the CRD in particular.

BACKGROUND INFORMATION ON THE COLORADO RIVER DELTA

As Ellen Wohl states in Disconnected Rivers: Linking Rivers to Landscapes,
“Rivers reflect a continent’s history…They also reflect a people’s history” (Wohl 2004).
Few rivers tell a history more dazzling, tragic, and hopeful than the Colorado River.
River systems are important no matter the setting, but in arid areas like the southwestern
US they are even more of a focal point. In landscapes lacking fresh water, riparian areas
are hotspots of plant and animal diversity, the drivers of geomorphologic change, and the
staging grounds for human settlement (Poff et al 1997, Glenn et al. 1996). This principle
is amplified toward a river’s outlet; in an arid watershed, deltas often boast the richest
natural communities and the most intense human development.
The Colorado River drains a basin covering seven states in the western US and
two in northwestern Mexico, and from that watershed it transports an enormous sediment
load of approximately 160 x 106 tons per year (Carriquiry 1999, Cohn 2001). This yearly
delivery of detritus, nutrients, and silt fed a rich system of wetlands at the northern tip of
the Gulf of California. The Colorado River Delta (CRD) once encompassed 780,000 ha
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(1,930,000 acres) of floodplain forests and wetlands (Luecke et al. 1999, Cohen et al.
2001, Cohn 2001). Several sources describe the abundance and diversity of plants, birds,
fish, and terrestrial wildlife that inhabited this region until the early 1900’s (MacDougal
1906, Sykes 1937, Leopold 1968, Glenn et al. 1996). Amazingly, this system flourished
in an astonishingly harsh environment, with an average rainfall of less than 10 cm per
year and evaporation rate of 100-250 cm per year (Carriquiry 1999). The CRD was an
explosion of biological activity and complexity in the otherwise stark surroundings of the
Sonoran Desert (Bergman 2002).
In the years since the turn of the 20th century, the Colorado River was stretched,
restrained, and tamed for human uses. Ten major dams and over 80 primary diversions
make the Colorado among the most highly-regulated rivers in the world (Luecke et al.
1999). A series of legal decisions and treaties stipulate the exact amount of water each of
the 7 basin states are to receive on an annual basis, plus an additional 1.5 million acrefeet for Mexico (Pitt et al. 2000). More than 1.5 million ha of farmland in the US and
Mexico receive irrigation water from the river (Pitt et al. 2000). Today, almost 30
million people use water from the Colorado River, most of whom live in the lower-basin
states of Arizona, California, and Nevada (Luecke et al. 1999, Cohn 2001). Agriculture
is far and away the biggest water use from the Colorado, accounting for over 80% of the
allocation in all seven basin states in the US and over 90% of the allocation in Mexico
(Pitt 2001). Interestingly, evaporation from reservoirs, rather than diversions or
municipal uses, is the second-largest withdrawal of water (Luecke et al. 1999, Cohn
2001). Similar to the pattern in the US, the CRD in Mexico is home to approximately 1
million people and almost 200,000 ha of irrigated farmland in the Mexicali Valley and
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the San Luis Rio Colorado Irrigation District (Luecke et al. 1999, McKeith et al. 2001,
All 2007).
These human developments resulted in dramatic changes in the native ecosystems
within the Colorado River watershed, particularly along riparian areas and the delta.
When developers changed much of the floodplain within the CRD into farmland, former
riparian and wetland areas covering 780,000 ha became rich agricultural land in the
Imperial Valley, Mexicali Valley, and San Luis Rio Colorado Irrigation District (Briggs
and Cornelius 1998). The yearly load of sediments and nutrients historically provided by
the Colorado’s floods was trapped behind myriad dams, which tipped the
geomorphologic balance such that the CRD began eroding into the Gulf of California
(Carriquiry 1999, Bergman 2002). Furthermore, the most consistent water supply to the
CRD became returned wastewater from agricultural fields, rather than the natural flows
of the river (Cohen et al. 2001).
Altering the fundamental inputs of this ecosystem resulted in drastic shifts. The
CRD is now confined to an area of 60,000 ha by a system of levees protecting the
agricultural lands (Luecke et al. 1999, Cohen et al. 2001). Within the available area, the
proportion of vegetated lands fluctuates yearly depending on the amount of water being
delivered and ranges from as low as 5,800 ha to 63,000 (Glenn et al. 1996, Luecke et al.
1999). Gallery forests of cottonwood (Populus freemontii) and willow (Salix goodingii)
trees are now largely overshadowed by thickets of invasive saltcedar (Tamarix chinensis,
T. ramosisima, and hybrids) (Zamora et al. 2001, Nagler et al. 2005).
As recently as 1999, only 100 ha of cottonwood-willow forests remained along
the lower Colorado River in the United States, making the remnant pockets of this habitat
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type in Mexico extremely important for wildlife in the region (Luecke et al. 1999).
Despite its reduced condition, researchers have documented over 350 species of
migratory, resident, and wintering birds in the CRD, including annual estimates of
200,000 shorebirds and 60,000 waterfowl (Hinojosa-Huerta et al. 2001, McKeith et al.
2001, Hinojosa-Huerta et al. 2005). This area provides crucial habitat for 24 species with
protected status in Mexico, including marine species such as the totoaba (Cynoscion
macdonali) and the vaquita porpoise (Phoceona sinus) (Hinojosa-Huerta et al. 2005,
Rowell et al. 2005). Of the many species harmed by the reduction in habitat, a few are
listed as endangered in the United States, including the southwestern willow flycatcher
(Empidonax traillii extimus) and the Yuma clapper rail (Rallus longirostris yumanensis)
(Glenn et al. 1992, Bergman 2002). The flora and fauna in the CRD depend on a tiny
amount of agricultural return water loaded with naturally toxic substances like selenium
and salts, as well as unnatural contaminants like fertilizers and insecticides (GarciaHernandez et al. 2001).
Upstream watershed changes also greatly altered conditions in the upper Gulf of
California. The near-elimination of freshwater flows to the upper Gulf of California
transformed it into an inverse estuary (more saline near land, less saline toward the
ocean), and the effects of this large-scale change are still being understood (Carriquiry
1999). Researchers have shown correlations between the reduction of freshwater flows
and the collapse of the Gulf’s fisheries of shrimp and Gulf corvina (Cynoscion
othonopterus) (Galindo-Bect et al. 2000, Rowell et al. 2005, All 2007). Researchers also
documented a 94% reduction in the population of bivalve mollusks, similarly tied to
flows from the Colorado River (Kowalewski et al. 2000, Rodriguez et al. 2001).
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The above examples may present a disheartening image of the CRD ecosystem,
but the past two decades gave some cause for optimism. Lake Powell, the last major
reservoir on the Colorado River, filled to capacity in 1981 and as a result, excess flows in
the river had to be released into Mexico (Glenn et al. 1996). Several El Niño cycles in
the 1980s and 1990s brought heavy precipitation to the southwestern US and, combined
with operational over-deliveries, excess discharge to Mexico amounted to 20% of the
river’s total flows during these two decades (Luecke et al. 1999, McKeith et al. 2001).
These flows followed a 25-year period of almost no water reaching the Delta (Cohen et
al. 2001). The natural communities in the CRD responded with surprising vigor to this
inputs, a result which surprised many and provoked renewed attention to a region once
considered unsalvageable.
Several events during the past decade have further complicated the situation,
making predictions about the CRD’s future quite tenuous. The Colorado River basin has
been in a drought since 2000, and water reservoir levels behind Glen Canyon Dam and
Hoover Dam are at 30-year lows (Cohn 2004). In 2007, storage behind Hoover Dam was
55% of capacity, a level that has prompted a great deal of worry and scheming to
maximize water-use efficiency in the lower basin US states (Jennifer Pitt, presentation at
the 2007 Bi-National Lower Colorado River Conservation Meeting, Tucson, AZ). The
Yuma Desalting Plant, completed 15 years ago at great cost but never operated, was
recently sent into action to test the possibility of cleansing water from the WeltonMohawk Irrigation District outside of Yuma, AZ (Lobeck 2007). Operating the plant
would save precious acre-feet from Arizona’s allotment, but would drastically diminish
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the quality and quantity of water flowing to the Ciénega de Santa Clara, the largest
wetland complex in the CRD (Cohn 2004).
Furthermore, the Mesa de Andrade wetlands just east of Mexicali (Baja
California, Mexico) are likely to lose a main water source as the All-American Canal in
southern California is sealed with concrete. This action will prevent water from leaking
from the canal and percolating across the border. Groundwater from agricultural fields
and leaky infrastructure in the US is a primary water source for the entire Mexicali
Valley (Cohn 2004, Jenkins 2007). Along with this action, the US Bureau of
Reclamation is building an additional storage facility on the All-American Canal (the
Drop-2 Reservoir), capable of capturing an additional 72,000 acre-feet of water (Jennifer
Pitt, presentation at the 2007 Bi-National Lower Colorado River Conservation Meeting,
Tucson, AZ). This extra storage capacity makes it much less likely that future excess
flows will be diverted to Mexico.
The quest for efficiency and water-saving may pose a serious threat to the CRD if
these projects are completed without revising the current framework of water allocation
in the United States (Jenkins 2007). US basin states are drafting a document to define the
shortage criteria for the Colorado River watershed and determine which parties would
suffer the consequences of a declared shortage. This planning step represents an
important opportunity to re-think the strategy of water allocation, and alternative
proposals are calling for conservation and water-banking mechanisms that would provide
a way to allocate water for ecosystem uses. In Mexico, there are also opportunities. SI
and other organizations have received a commitment from the city of Mexicali that 30%
of the discharge from their new water treatment plant will be delivered to the Hardy
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River wetlands. Also, Pronatura Noroeste has purchased water rights from a small
section of farmland in Mexico, and they are working though the administrative hurdles to
deliver this water back to the main channel of the Colorado River. Interestingly, the US
Fish and Wildlife Service funded this proposal, and it is the first instance of water rights
being applied to an environmental use in Mexico.
Readers can find an excellent review of the recent developments in the CRD in a
February 5, 2007 High Country News article titled “The Efficiency Paradox,” written by
Matt Jenkins. The CRD persists on a meager allotment of agricultural run-off, canal
seepage, and accidents in the United States. Managers across the CRD are determined to
erase these leakages as water becomes more precious every year. It appears that the
situation in the CRD and the entire Colorado River basin is a messy, politicized pile of
headaches that is rife with uncertainty. Rather than throw our hands up in despair,
however, we should remember that reaching a desired result has never been an
impossible obstacle. It simply matters what we choose to value, and what vision of the
future we choose to pursue. Value of the CRD is being recognized in both nations, so it
is imperative that we carefully arrange our priorities to acknowledge this value and make
a firm commitment on its behalf.
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Abstract:
Sweeping changes across the Colorado River watershed in the 20th century resulted in
near-complete collapse of the natural communities in the Colorado River Delta in
Mexico. A brief return of freshwater flows in the 1980s and 1990s showed that the
riparian corridor remains resilient to past damage, and the CRD remains a vital area for
habitat conservation and restoration. This project aimed to test conclusions drawn from
similar projects in the United States and show that revegetation projects are possible
along the lower Colorado River in Mexico. From November 2006 to October 2007, we
tested the effects of various treatments on the first-year growth and survival of irrigated
mesquite seedlings and rooted cuttings of cottonwoods and willows. Mean first-year
growth of seedlings planted from 2.8-L pots was comparable between fall-planted honey
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mesquite and spring-planted honey mesquite (182 cm to 171 cm). Fall-planted
screwbean mesquite had less growth than spring-planted screwbean mesquite (114 cm to
172 cm), likely due to a widespread lepidopteron larval infection. Slow-release fertilizer
had no effect on mesquite seedlings planted in the fall. Individuals planted in the spring
from 2.8-L pots and 12-cm plugs had similar first-year growth for both species (171 cm
to 167 cm for honey mesquite, 172 cm to 179 cm for screwbean mesquite). Rooted
cuttings of cottonwoods grew taller on average than cuttings of willow trees in the first
growing season (126 cm to 100 cm). Each species had greater growth when planted from
2.8-L pots than 12-cm plugs (144 cm to 114 cm for cottonwood, 116 cm to 92 cm for
willow). Within the time windows we tested, potting date and planting date did not
measurably influence ending height for rooted cuttings. Survival was encouragingly high
throughout this first season for mesquite seedlings as well as rooted cuttings, and the
plantings ended the first growing season in good condition. Our results support and
expand upon many of the conclusions of similar restoration projects undertaken in the
United States, and demonstrate that areas within the Colorado River riparian corridor in
Mexico are suitable for habitat improvement.

Key Words: Colorado River Delta, riparian restoration, habitat revegetation, Prosopis
glandulosa, Prosopis pubescens, Salix goodingii, Populus fremontii.

- 18 -

INTRODUCTION

As Ellen Wohl states in Disconnected Rivers: Linking Rivers to Landscapes,
“Rivers reflect a continent’s history…They also reflect a people’s history” (Wohl 2004).
Few rivers tell a history more dazzling, tragic, and hopeful than the Colorado River.
In the years since the turn of the 20th century, the Colorado River was stretched,
restrained, and tamed for human uses. Ten major dams and over 80 primary diversions
make the Colorado among the most highly-regulated rivers in the world (Luecke et al.
1999). More than 1.5 million ha of farmland in the US and Mexico receive irrigation
water from the river (Pitt et al. 2000). Almost 30 million people use water from the
Colorado River, most of who live in the lower-basin states of Arizona, California, and
Nevada (Luecke et al. 1999, Cohn 2001).
Similar to the pattern in the US, the Colorado River Delta (CRD) in Mexico is
home to approximately 1 million people and almost 200,000 ha of irrigated farmland in
the Mexicali Valley and the San Luis Rio Colorado Irrigation District (Luecke et al.
1999, McKeith et al. 2001, All 2007). A river’s delta is often a hub of biologic,
geomorphologic, and anthropologic activity, so the history of the Colorado River can be
summarized succinctly by examining the CRD.
The CRD once encompassed 780,000 ha (1,930,000 acres) of floodplain forests
and wetlands (Luecke et al. 1999, Cohen et al. 2001, Cohn 2001). Several sources
describe the abundance and diversity of plants, birds, fish, and terrestrial wildlife that
inhabited this region until the early 1900’s (MacDougal 1906, Sykes 1937, Leopold

- 19 -

1968, Glenn et al. 1996). The CRD was an explosion of biological complexity in the
otherwise stark surroundings of the Sonoran Desert (Bergman 2002).
In the early 1900’s, developers converted much of the riparian and wetland
areas within the CRD into rich agricultural land in the Imperial Valley, Mexicali Valley,
and San Luis Rio Colorado Irrigation District (Briggs and Cornelius 1998, Luecke et al.
1999). The CRD was confined to an area of 60,000 ha by a system of levees protecting
the agricultural lands (Luecke et al. 1999, Cohen et al. 2001). Gallery forests of Freemont
cottonwood (Populus freemontii Wats.) and Gooding’s willow (Salix goodingii Ball)
trees were largely overshadowed by thickets of invasive saltcedar (Tamarix ramosissima
Ledeb.) (Bergman 2002). The two largest impoundments on the Colorado River behind
the Hoover Dam and the Glen Canyon Dam filled between 1934-1957 and 1964-1981,
respectively (Glenn et al. 2001). These projects captured the majority of the river’s
annual flow during the mid- 20th century (Cohen et al. 2001). Deprived of freshwater
flows, the most consistent water supply to the CRD became returned wastewater from
agricultural fields (Cohen et al. 2001). This water source is loaded with naturally
occurring toxic elements like selenium and salts, as well as unnatural contaminants like
fertilizers and insecticides (Garcia-Hernandez et al. 2001).
While the CRD ecosystem will likely never return to its former state, the past two
decades gave some cause for optimism. Lake Powell, the last major reservoir on the
Colorado River, filled to capacity in 1981 and thereafter, excess flows in the river were
released into Mexico (Glenn et al. 1996). El Niño cycles in the 1980s and 1990s brought
heavy precipitation to the southwestern US, and total excess discharge to Mexico
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amounted to 20% of the river’s total flows during these two decades (Luecke et al. 1999,
McKeith et al. 2001).
These sporadic and unpredictable high-flow events produced impressive changes
in the CRD. The riparian corridor in Mexico, mostly bare soil in the 1970s, now hosts
areas of native vegetation including cottonwood and willow riparian forests, mesquite
bosques (Prosopis spp.), and cattail marshes (Typha spp.) (Glenn et al. 2001, ZamoraArroyo et al. 2001, Nagler et al. 2005). As recently as 1999, only 100 ha of cottonwoodwillow forests remained along the lower Colorado River in the United States, making the
remnant pockets of this habitat type in Mexico extremely important for wildlife in the
region (Luecke et al. 1999).
Researchers from Pronatura Noroeste A.C. (San Luis Rio Colorado, Sonora,
Mexico) have documented over 350 species of migratory, resident, and wintering birds,
in the CRD, including an estimated 200,000 shorebirds and 60,000 waterfowl (HinojosaHuerta et al. 2001, McKeith et al. 2001, Hinojosa-Huerta et al. 2005). This area provides
crucial habitat for 24 species with protected status in Mexico (Hinojosa-Huerta et al.
2005). Of the many species harmed by the reduction of habitat in the CRD, a few are
listed as endangered in the United States, including the southwestern willow flycatcher
(Empidonax traillii extimus Phillips) and the Yuma clapper rail (Rallus longirostris
yumanensis Vieillot) (Glenn et al. 1992, Sogge et al. 1997, Bergman 2002).
Recognition of the CRD’s importance to local and international wildlife has
stimulated increased research attention within the Delta, along with a corresponding
increase in efforts to save this area from further degradation. Formal policy agreements
between the US and Mexico remain the best option for an assured future for the CRD
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(Pitt et al. 2000). These options are diverse, including trans-national water banking,
dedication of agricultural and municipal return flows to the river, purchasing marginal
farmland in the CRD, and operating dams in the US to allow for a more-natural flow
regime (Luecke et al. 1999, McKeith et al. 2001). Researchers have estimated the
volume of water necessary to ensure an annual base flow and 3 to 4-year pulse flow to
simulate natural conditions in the CRD, and it amounts to a fraction of 1% of the river’s
annual output (Zamora-Arroyo et al. 2001).
While legal and policy fixes offer the most secure solution to maintain the CRD,
habitat restoration represents a more immediate chance to improve ecological conditions
in the region. The return of cottonwood and willow forests in response to the returned
river flows in the 1980s and 1990s point to the resilience of this habitat type (ZamoraArroyo et al. 2001, Nagler et al. 2005). Restoration of arid-zone riparian forests is
occurring at several sites along the lower Colorado River in the US, including the
Ahakhav Tribal Preserve and the Havasu, Bill Williams River, Cibola, and Imperial
National Wildlife Refuges (Briggs and Cornelius 1998, Cohn 2001).
Similarly, a few projects within the Delta are examining how to aid the recovery
of the natural biota in this system. Researchers from the Universidad Autónoma de Baja
California have conducted field surveys to determine the mammal, reptile, and amphibian
fauna in the CRD riparian corridor, and Pronatura continues to monitor bird populations
in the CRD (Hinojosa-Huerta et al. 2004, Martinez-Gallardo 2006). The vegetation along
the riparian corridor and in wetlands throughout the CRD has been mapped and analyzed
in terms of conservation priority (Zengel et al. 1995, Glenn et al. 2001, Zamora-Arroyo et
al. 2005). In addition, on-the-ground restoration projects in the CRD have tested
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mesquite bosque and riparian plant establishment, marsh enhancement through
manipulation of water levels, and aquaculture development through wetland restoration
(Hinojosa-Huerta et al. 2005). Carrillo-Guerrero (2002) identified agricultural lands
within the river floodplain in Mexico and found that farmers in the region were very
receptive to the idea of leasing marginal farmland and water rights for ecological
restoration.
Through other attempts at habitat restoration and observations of the local flora,
researchers studying riparian systems from all over the Colorado River watershed are
answering key questions that can inform land managers and policy-makers. We now
know a great deal about riparian ecosystem function, including how flow regimes
influence trees’ establishment and growth (Levine and Stromberg 2001, Stromberg 2001,
Cooper et al. 2003, Stromberg et al. 2007) and the contributions of groundwater (Baird et
al. 2005). Beyond the scope of riparian tree species, investigators are starting to examine
riparian components such as herbs and fungi (Bagstad et al. 2005, Beauchamp et al.
2007).
In the same vein, scientists have determined the mechanisms through which
human intervention tips the balance in favor of invasive species. Native species are
hampered by changed soil characteristics (Anderson 1995, Busch and Smith 1995,
Anderson et al. 2004), altered surface flows and water table decline (Busch and Smith
1995, Stromberg 1998, Horton and Clark 2001, Amlin and Rood 2002, Lite and
Stromberg 2005, Stromberg et al. 2007), and flows that are not coordinated with seed
dispersal (Beauchamp and Stromberg 2007).
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In the past decades, we have also learned a great deal about the physiology of
native and invasive plant species in the Colorado River watershed. Studies have
investigated species-specific water relations (Nilsen et al. 1983, Busch and Smith 1995,
Glenn et al. 1998), physiological response to water and salt stress (Glenn et al. 1998,
Horton et al. 2001, Vandersande et al. 2001), and water requirements for germination
(Mahoney and Rood 1998, Shafroth et al. 1998). Research has also examined the
interactions between native trees species and soil nutrient fluxes, especially for mesquite
(Tiedemann and Klemmedson 1973, Virginia et al. 1992, Geesing et al. 2000).
We know many successful methods to re-establish species in arid and riparian
zones, such as proper site preparation, abiotic factors that dictate planting designs, and
appropriate irrigation methods (Anderson et al. 2004, Bean et al. 2004). Gaps still remain
in our knowledge, however. Riparian restoration is an inexact science, partially because
long-term datasets are not often available to track progress and there are no definite
standards for success among highly varied ecosystem types (Alpert et al. 1999, Briggs
and Cornelius 1998, Bash and Ryan 2002, Palmer et al. 2005). Despite these difficulties,
restoration projects can succeed (Rood et al. 2003), and even failed experiments offer
opportunities for learning (Sprenger et al. 2001, Sprenger et al. 2002). This study
attempted to answer several specific questions about establishing restoration plantings of
native riparian trees in the CRD. These field trials within existing riparian-corridor
habitat in Mexico allowed us to test conclusions that have been drawn in other parts of
the Colorado River watershed, and to investigate previously untested questions.
With regard to the first-year performance of mesquite seedlings planted in
revegetation projects, we had the following questions:

- 24 -

1. Do seedlings planted in the fall have greater growth and survival compared to
spring-planted seedlings?
2. For seedlings planted in the fall, does slow-release fertilizer (20-10-5, N-P-K)
increase growth and survival?
3. In springtime plantings, do older seedlings planted from 10 x 10 x 36-cm (2.8L) tree pots have greater growth and survival than younger seedlings planted
as 12-cm plugs?
For each of the above questions, we investigated whether a difference existed between
honey mesquite (Prosopis glandulosa Torrey) and screwbean mesquite (P. pubescens
Bentham).
In revegetation trials with rooted cuttings of cottonwood and willow trees, we
attempted to answer the following questions regarding first-year growth and survival:
1. Do cuttings planted from 10 x 10 x 36-cm (2.8-L) pots have greater growth
and survival than cuttings from 12-cm plugs?
2. Does the harvesting date influence growth and survival of cuttings?
3. Does the date of planting influence growth and survival of cuttings?
Again, we investigated if a difference existed between the two species in these trials.
Field staff from the Sonoran Institute (Tucson, AZ, USA), Asociación Ecologica de
Usarios del Río Hardy y Colorado (AEURHYC, Mexicali, BC, Mexico), and Pronatura
Noroeste (San Luis Rio Colorado, Sonora, Mexico) helped with all phases of this project.
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STUDY AREA

Located in the Sonoran Desert, the climate in the CRD features low annual
precipitation (< 10 cm per year), extremely hot summer months, and wide fluctuations
between daytime and nighttime temperatures (Cohen et al. 2001). Agricultural drainage
via groundwater or wastewater drains is the most consistent source of water for plant
communities along the river (Cohen et al. 2001). The natural flow regime of the CRD is
no longer characterized by spring floods, but rather the irrigation schedule of neighboring
agricultural lands (Dr. Jorge Ramirez-Hernandez, presentation at the 2007 Bi-National
Lower Colorado River Conservation Meeting, Tucson, AZ).
After crossing the Northern International Boundary into Mexico, the Colorado
River passes through the final major diversion along its course at Morelos Dam, which
sends most of Mexico’s water allocation to the Mexicali Valley (Figure 1). The river
channel continues south, defining the boundary between Arizona and Mexico until the
Southern International Boundary (SIB), at which point the San Luis Rio Colorado
Irrigation District receives the remainder of the allocation. Any excess water flows 100
km to the south and west as the river continues until the Colorado joins with the Hardy
River. Beginning at the SIB, a large system flood-control levees defines the available
floodplain of the river. After the Hardy River junction, the channel winds through a
stretch of wetlands before exiting to the Gulf of California at Isla Montague (GarciaHernandez et al. 2001). The river itself, however, reaches the Gulf only on sporadic
occasions.
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This study period, November 2006 to October 2007, was especially hot and dry,
according to the US National Climactic Data Center weather station in El Centro, CA.
Of months with available data, the mean monthly temperature was above normal for all
but one month (October 2006, 0.17°C below normal), ranging from .56°C above normal
in December to 2.72°C above normal in March 2007. Precipitation was also unusually
scarce, with all months receiving below-normal rainfall and most receiving none at all.
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Figure 1. Map of the Colorado River Delta in Mexico, adapted from Sprouse (2005).
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The riparian corridor of the Colorado River is an area of crucial conservation
importance because cottonwood-willow forests are still the dominant canopy cover in
some areas (Luecke et al. 1999, Zamora-Arroyo et al. 2005). This study took place at a
10-ha pilot restoration site within the flood-control levees along the river, which is part of
a larger, 1800-ha area section of the floodplain designated as a Restoration
Demonstration Site by several NGOs working in the region (Figures 1 and 2).
Specifically, the site is a short distance south of the San Felipito bridge, the last railway
crossing over the Colorado River. This 10-ha area consisted of a few remnant
cottonwood trees in the overstory, mesquite and saltcedar in the midstory, arrowweed
(Pluchea sericea (Nutt.) Coville) and a few other minor species in the understory, and a
high proportion of bare soil. Table 1 is a general vegetation description of the restoration
area, completed before fieldwork following the protocol of Ralph et al. (1993), using a
25-m radius for 9 sample plots. These conditions are similar to the upper portion of the
Colorado River in Mexico, which has a more natural species composition than the lower
portion of the river as it nears the junction with the Hardy River (Luecke et al. 1999,
Zamora-Arroyo et al. 2001).
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Figure 2. Aerial photo of the 10-ha restoration site (modified from Google Earth, 2007).
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Table 1. Summary of vegetation surveys completed at restoration site in September 2006
prior to fieldwork, major species only. Values are means ± 1 S.E. Strata height divisions
are as follows: herbaceous = 0.1-0.5 m, shrub = 0.6-3.0 m, and tree = 3.1+ m.
Percent Cover by Strata
Tree (T) = 21 ± 2
Species

Shrub (S) = 28 ± 2

Herbaceous (H) = 7 ± 1

Bare soil = 42 ± 6

Percent Cover

Height (m)

Diameter (cm)

(strata breakdown)

(tree strata)

(tree strata)

Cottonwood

4 ± 1.1 (T = 4)

8.3 ± 0.7

17 ± 1.9

Willow

4 ± 1.1 (T = 2, S = 2)

5.4 ± 0.5

6 ± 1.8

Screwbean mesquite

12 ± 3.2 (T = 11, S = 2)

5.2 ± 0.2

9 ± 0.8

Saltcedar

20 ± 3.7 (T = 5, S = 12, H = 3)

3.4 ± 0.1

4 ± 0.5

Arrowweed

14 ± 1.4 (S = 12, H = 3)

Baccaris spp.

4 ± 1.6 (S = 2, H = 3)
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This study site also features relatively low soil salinity (mean electrical
conductivity = 2.90 dS/m at the surface and 2.25 dS/m at a depth of 1-2.5 m, N = 20) and
a high proportion of sand (mean sand/silt/clay ratio = 89/5/6 for both surface and deep
samples, N = 20). We collected these data in June of 2006 as part of a larger soil
sampling effort in collaboration with researchers from the Universidad Autónoma de
Baja California, and the Agricultural Lab in Nuevo Leon (Baja California, Mexico)
analyzed the samples. As seen in Figure 2, the site is also bounded by an off-channel
pond adjacent to a primary irrigation canal. At the northern tip of this pond there is a
spillway from the canal through which excess water is frequently directed. Therefore, the
pond is a mixture of groundwater recharge from farm fields and Colorado River water,
which makes it high-quality water compared to other surface water sources in the area
(mean salinity = 1.00 ppt, Sonoran Institute, unpublished data). Like the CRD region as a
whole, the water table at the restoration site varies according to the irrigation schedule of
the surrounding fields, but the depth to water is generally quite shallow (1.2-2.4 m)
(Handler, unpublished data). As a whole, our site generally met or exceeded the abiotic
requirements stated by Anderson et al. (2004).

METHODS

Site Preparation

Site preparation consisted of control of competing vegetation and installing an
irrigation system. As seen in Table 1, the area was mostly free of saltcedar. We removed
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as much of this species as possible prior to planting using a Caterpillar 416E backhoe to
extract large, mature individuals and hand tools for young, dense stands. We cut all
saltcedar below the root crown to minimize re-sprouting. Also, we cleared a 3-5 meter
band of reeds (Phragmites spp.) and young saltcedar that circled the pond with hand tools
to make room for planting projects. Approximately once a month, we re-cleared the site
of saltcedar and reeds. Additionally, we cut most of the arrowweed within the restoration
site at ground level with machetes to make room for setting up the irrigation system and
to provide room for the seedlings. Arrowweed is a native species in the CRD so we did
not attempt to eradicate it from the site, and by the summer months many individuals had
resumed growth. All debris generated from vegetation clearing was piled and burned
on-site.
To irrigate the restoration plantings, we installed a system of polyethylene rubber
hoses connected to a central intake at the adjacent pond. With a 5.5 HP gasoline pump,
we pumped water from the pond through debris filters and through gradually decreasing
diameters of polyethylene tubing in order to maintain pressure in the system. Pressurecompensating drip emitters delivered water to each plant. Although we used different
size combinations of emitters, all plants received approximately the same amount of
water, roughly 20-26 L per day, over the course of one hour. This irrigation system
watered each individual plant, so they all received water from the same source. We
watered the plants as early in the day as possible, before the intense afternoon sun and
heat.
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Mesquite Seedling Preparation and Planting

A native plant nursery, run in a partnership between the Sonoran Institute and
AEURHYC prepared the majority of all plant material used in our restoration trials. In
the winter of 2005-2006, field staff collected mesquite pods from trees along the
Colorado River and subsequently fed them to goats. The resulting manure, housed in
warm, wet nursery conditions, yielded a massive cohort of mesquite seedlings. The
nursery staff carefully transplanted these seedlings as they grew, first into 12-cm plug
trays and eventually into 10 x 10 x 36-cm (2.8-L) tree pots, filled with a mix of
commercial potting media, compost, and sand. All seedlings from this cohort were
transferred to 2.8-L pots to prevent root damage from an extended time in the 12-cm plug
trays. Any seedlings from cohort 1 that were not planted in the fall of 2006 were cared
for in the nursery until the spring of 2007. A second cohort of mesquites germinated in
the winter of 2006-2007 using the same methods, and nursery staff transplanted
mesquites from cohort 2 into 12-cm plug trays for planting in the spring of 2007.
We planted 565 mesquite seedlings from cohort 1 between October 11 and
November 1, 2006, and 349 seedlings from March 28-April 20, 2007 (N = 107 from
cohort 1, 242 from cohort 2). Honey mesquite and screwbean mesquite were planted
randomly on site in approximately equal numbers. The seedlings were placed with
approximately 5-m spacing in a quasi-grid pattern, with a buffer of 3-5 m around existing
trees and vegetation. Additionally, the terrain of the restoration site allowed us to plant
most of these trees in two level areas, each approximately 30-50 m from the adjacent
pond and the same height above the water table. Mesquite seedlings from cohort 1 that
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died from December to April were removed (N = 114), and we re-planted new seedlings
in the same locations during the spring planting period. The remaining 235 springplanted seedlings were planted immediately adjacent to the fall section, with the same
soils, elevation, and planting layout.
Each planting hole (30-50 cm deep, 30 cm in diameter) received 10-20 L of water
4-24 hours before planting in order to saturate the soil. Because of the high sand content
and relatively shallow water table, we decided it was not necessary to provide deep
vertical tillage for the trees, as suggested by Anderson et al. (2004). We kept the
seedlings in their original soil “clump” from the nursery pot to avoid damage to the roots
and filled in the remainder of the hole with sand. In a subset of trees randomly selected
to receive the fertilizer treatment, we placed one pellet of Best-tabs 20-10-5 (N-P-K)
controlled-release fertilizer (JR Simplot, Co., Lathrop, CA, USA) in the hole according to
the directions provided. All trees were marked with an ID number on an aluminum tag
and surrounded with a cage of 1-m tall chicken wire. Finally, we watered each tree and
re-packed the soil to remove air bubbles around the roots.
Planting protocol was the same in the spring of 2007, except that no trees were
fertilized. Instead, we randomly designated planting locations to receive either a honey
or screwbean mesquite, from either a 2.8-L pot (cohort 1) or a 12-cm plug (cohort 2).
Trees were watered every day for the first week following planting. The
irrigation schedule gradually decreased to once per week by February 2007, but increased
in March as the trees began to grow (again, all spring-planted trees were watered every
day for the first week following planting). From May until October 2007, all trees were
watered 2-3 times per week.
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Cottonwood and Willow Rooted Cutting Collection and Planting

From December 2006 until February 2007, we harvested dormant branches of
cottonwood and willow trees for a separate revegetation project in the 10-ha restoration
site. All the trees selected for branch harvesting were located within the 1800-ha
restoration demonstration area along the Colorado River and were in healthy condition.
We generated a great deal of extra material by pruning all lateral stems from the
main branches used for poles, so occasionally we saved side branches in good condition
and transported them to the native plant nursery. We took care to keep them moist during
transport and soaked the branches for a few days in cold water. At the nursery, we
selected branches 0.5-1.5 cm in diameter and stripped them of all leaves and side stems.
We clipped the bare branches into 12-20 cm lengths and potted these cuttings in a
mixture of professional potting media, Perlite, compost, and sand. All rooted cuttings
were initially potted in 12-cm plug trays, and cuttings were watered daily and kept in the
nursery until April.
Within a month after potting, many of the cuttings had sprouted leaves and roots.
As the rooted cuttings grew, we transferred a portion to larger, 10 x 10 x 36-cm (2.8-L)
pots. From March 30-April 19, 2007, we planted 444 surviving individuals at our
restoration site (N = 124 cottonwoods, 320 willows). These were planted in sandy, open
areas next to the pond but at higher elevation than the poles, or interspersed within the
mesquite plantation in vacant holes from dead trees. Planting procedures followed the
same protocol as the mesquite seedlings, and these trees were also irrigated in the same
fashion. We kept records for each individual in order to compare eventual height growth
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and survival. In this case, the records included species, date potted, date planted, and
container size. The irrigation schedule was also identical to the mesquite seedlings.

Monitoring and Data Collection

To determine the growth and survival of the trees from various treatments, I
randomly selected a subset of trees that would be used to address each test question (i.e.,
spring-planted, small-container honey mesquite vs. spring-planted, large-container honey
mesquite). These trees were selected from those still surviving as of April 2007, but
without regard to condition.
We monitored each selected tree monthly, during the first week of each month.
The height of the tree was measured from ground level to the base of the uppermost leaf,
with the trunk fully extended. Additionally, we used a 4-point system similar to
Anderson et al. (2004) to qualitatively rate the condition of each tree (1 = dead or
appearing dead, 2 = unhealthy with minimal growth, 3 = good condition with little stress,
and 4 = healthy and vigorous). The first measurement after a tree was planted stood for
an initial reading, and these observations continued until October 2007. Growth slows
significantly in November and December and trees of these species gradually go dormant
in the CRD (Handler, pers. observation), so the data collected through October are a
reasonable representation of the first-year growth of our restoration trials. Trees that died
throughout the course of the year received a condition score of “1,” and received no
height measurement. To aid data analysis, I transformed planting and potting dates by
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declaring January 1, 2007 as day 0, counting ahead into the growing season and
backward into the previous year (December 31, 2006 = day -1).

Statistical Analysis

All descriptive statistics, statistical analyses, and graphs were produced with
SPSS v. 11.5. For the mesquite seedlings I calculated and graphed mean height for each
of the relevant subgroups across all months of the first-year growing season. Each
treatment comparison was restricted to keep all variables consistent. For example, when
comparing fall- and spring-planted seedlings, I included only unfertilized seedlings and
plants from large pots, since none of the spring seedlings received a fertilizer treatment
and all of the fall seedlings were from the older, larger cohort.
A t-test showed a significant difference between the May height values for fallplanted and spring-planted large-pot treatment groups (t = 4.80, df = 104, p < 0.001).
Therefore, to test the relative significance of the treatments on final height, I used a
univariate ANOVA test with May height as a covariate and October height as the
dependent variable. The independent factors in this test were species (honey or
screwbean mesquite), season planted (fall or spring), fertilizer treatment (fertilized or
unfertilized), and container size (2.8-L pot or 12-cm plug). A full factorial design was
not possible because the treatments were not fully dispersed (for example, fertilized trees
were only planted in the fall, and 12-cm plugs were only planted in the spring).
Therefore, I tested all 2-way interactions for the factors. Only mesquite seedlings that
survived until October 2007 were included in this analysis. Levene’s test of equality of
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error variances showed that there were differences between the variances of the treatment
groups (F = 2.143, p = 0.04). I examined the individual variances between all treatment
groups and they met the 4:1 ratio suggested by Moore (1995), so I concluded that an
ANOVA test would be robust to the level of variation in the samples.
For the trials of rooted cuttings, I used multiple regression analysis to test the
relative influence of the four experimental factors on the endpoint height measurement.
First, I plotted each independent variable versus October height to test for a non-linear
relationship. Species (cottonwood or willow), planting container (2.8-L pot or 12-cm
plug), date potted, and date planted were the independent factors and October height was
the dependent variable. After running the regression with all factors included, I removed
the factor with the lowest explanatory power (highest p-value) and re-ran the analysis
until all remaining factors were statistically significant (p = 0.05). These remaining
factors (species and container) were categorical variables. Additionally, t-tests showed
that a significant difference existed between the initial heights of species and container
groups (t-test for species groups: t-value = -3.459, df = 115, p = 0.001; t-test for container
groups: t-value = 8.998, df = 115, p < 0.001). Therefore, I used a univariate ANOVA test
on October height of the rooted cuttings, with May height as a covariate, to examine the
relative importance and interactions between these explanatory factors. Only individuals
surviving until October 2007 were included in this analysis, and Levene’s test of equality
of error variances showed equal variances between treatment groups (F = 1.361, p =
0.26).
Finally, to display the condition class information for all experimental trials, I
created histograms of the relevant groups and sub-groups to display the proportion of
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individuals in the four condition classes. Again, these classes were judged subjectively
and I chose not to do statistical analysis, but they provide a visual comparison of the data.

RESULTS

Mesquite Seedlings

Of 565 mesquite trees planted in the fall of 2006, 451 were surviving as of April
2007 (80%). The majority of the mortality was due to a beetle larvae outbreak in March
and April of 2007 (18% of all trees), with only 2% dying due to “natural causes.” The
beetles did not select one species more frequently than the other, nor a particular fertilizer
treatment. Additionally, approximately 200 mesquite planted in the fall became infected
by a species of unidentified lepidopteran larvae as of April 2007. The overwhelming
majority of infected trees were screwbean mesquite (97%), representing at least 65% of
the total screwbean mesquite. This infection was also random with respect to the
fertilizer treatment.
Survival was very high over the summer months for both fall-planted and springplanted trees. From May to October, of the remaining trees, 96% of the fall-planted
honey mesquite survived (100% of the fertilized and 92% of the unfertilized), as did 96%
of the fall-planted screwbean mesquite (96% of the fertilized and 95% of the
unfertilized). Over the same time period, 96% of the spring-planted honey mesquite
(97% of the large pots, 96% of the plugs) and 100% of the spring-planted screwbean
mesquite (large pots and plugs) survived.
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Table 2 shows the monthly mean height data and numbers of monitored mesquite
trees for all experimental groups and subgroups. A total of 229 trees were monitored.
All treatment groups grew rapidly from May until October with final heights from 170180 cm, with the exception of the fall-planted screwbean mesquite. Figures 3-5 depict
the monthly growth of the various experimental groups throughout the course of the first
growing season. Again, the fall-planted screwbean mesquite grew much more slowly
than fall-planted honey mesquite after the onset of spring growth. Fertilized and
unfertilized treatments for both species have quite similar growth patterns. Plugs grew
vigorously and reached the same height as trees planted from large pots, and the
screwbean plugs grew especially quickly.

- 41 -

Table 2. Monthly mean height (cm) for all experimental groups of mesquite seedlings
from November 2006 to October 2007. N represents the number of trees monitored,
including those that died.
Monthly Mean Height (S.E.)
Treatment group (N)

Nov

Feb

May

Aug

Oct

Overall

56.92

58.28

66.24

147.67

182.21

(50)

(1.88)

(2.09)

(2.75)

(7.56)

(6.79)

Fert

55.40

56.92

64.96

142.48

182.00

(25)

(2.50)

(2.55)

(3.37)

(10.48)

(9.27)

Unfert

58.44

59.64

67.52

153.30

182.43

(25)

(2.83)

(3.34)

(4.41)

(11.04)

(10.19)

Overall

43.38

43.78

44.18

91.86

114.79

(50)

(1.73)

(1.79)

(1.72)

(6.17)

(7.90)

Fert

42.25

42.68

43.89

92.64

112.59

(28)

(1.96)

(2.06)

(2.23)

(7.59)

(10.57)

Unfert

44.82

45.18

44.55

90.81

117.62

(22)

(3.06)

(3.14)

(2.75)

(10.45)

(12.15)

Overall

NA

NA

28.87

116.67

168.68

(1.54)

(6.54)

(6.78)

34.34

129.57

171.54

(2.66)

(9.72)

(9.55)

25.70

109.15

167.02

(1.75)

(8.56)

(9.25)

34.40

132.36

175.56

(2.52)

(4.86)

(4.89)

44.70

136.13

172.97

(2.64)

(5.83)

(5.92)

18.95

126.70

179.45

(2.02)

(8.48)

(8.53)

Honey
Mesquite
Fall

Screwbean
Mesquite
Fall

(79)
Honey
Mesquite
Spring

Large pots

NA

NA

(29)
Plugs

NA

NA

(50)
Overall

NA

NA

(50)
Screwbean
Mesquite
Spring

Large pots

NA

NA

(30)
Plugs

NA

NA

(20)
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Figure 3. Mean monthly height (cm) for fall-planted vs. spring-planted mesquites from
November 2006 to October 2007. Replicates (b-e) show the comparison between and
within species.

a

b

c

d

e
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Figure 4. Mean monthly height (cm) for fertilized vs. unfertilized mesquites from
November 2006 to October 2007. Replicates (b-e) show the comparison between and
within species.

a

b

c

d

e
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Figure 5. Mean monthly height (cm) for mesquites planted from large pots (2.8 L) vs.
plugs (12 cm) from November 2006 to October 2007. Replicates (b-e) show the
comparison between and within species.

a

b

c

d

e
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The results of the univariate ANOVA are displayed in Table 3. Assuming a
significance value of p = 0.05, the corrected model significantly explained the variation
among the treatments (p < 0.001). Significant effects were reported for May height (as a
covariate), and the interactions between species * container and container * May height.
The species * season interaction planted also approached significance (p = 0.140).
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Table 3. Results of univariate ANOVA measuring influence of mesquite seedling
treatments on October height. Sum of squares = Type 3. Treatment labels for
interactions are as follows: SP = species, FERT = Fertilizer, CON = container size, F-S =
planting season (Fall or Spring), and MYHT = May height (covariate). R-squared value
for the corrected model = 0.386.
Interaction

Sum of

df

Mean Sum of

Squares
Corrected Model

F

Sig.

Squares

271780.742

12

22648.395

10.931

<.001

SP

603.272

1

603.272

.291

.590

FERT

3306.428

1

3306.428

1.596

.208

CON

878.400

1

878.400

.424

.516

F-S

3090.769

1

3090.769

1.492

.223

MYHT

91631.789

1

91631.789

44.226

<.001

SP * FERT

208.881

1

208.881

.101

.751

SP * CON

11850.090

1

11850.090

5.719

.018

SP * F-S

4536.880

1

4536.880

2.190

.140

SP * MYHT

723.514

1

723.514

.349

.555

FERT * CON

NA

NA

NA

NA

NA

FERT * F-S

NA

NA

NA

NA

NA

3347.280

1

3347.280

1.616

.205

NA

NA

NA

NA

NA

12537.337

1

12537.337

6.051

.015

44.165

1

44.165

.021

.884

Error

433024.753

209

2071.889

Total

6495388.000

222

FERT * MYHT
CON * F-S
CON * MYHT
F-S * MYHT
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Figures 6-8 show the distribution among condition classes for all treatment
subgroups of mesquites through the course of the growing season.

At the outset, fall-

planted honey and screwbean mesquite were similar in condition. Over the winter
months, almost every individual of both species went dormant. In April and May,
however, a difference between the species emerged as the honey mesquite regained their
healthy condition much more quickly than the screwbean mesquite. This disparity
between the fall-planted mesquite remained apparent in October, although the effect was
less noticeable. The spring-planted mesquites of each species were the same condition in
May after planting, and they remained in excellent condition throughout the growing
season. Overall, fall-planted and spring-planted mesquites had relatively similar
distributions among the condition classes by the end of the growing season.
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Figure 6. Distribution among condition classes for fall-planted and spring-planted
mesquite treatment groups from November 2006 to October 2007. Condition classes
follow Anderson et al. (2004), with 1 = dead or appearing dead, 2 = unhealthy with
minimal growth, 3 = good condition with little stress, and 4 = healthy and vigorous.
Month

Fall-Planted
Honey

Spring-Planted

Screwbean

Honey

Screwbean

Nov.

NA

NA

April

NA

NA

May

Oct.

Oct.
Total
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Figure 7. Distribution among condition classes for fertilized and unfertilized mesquite
treatment groups in April and October, 2007. Condition classes follow Anderson et al.
(2004), with 1 = dead or appearing dead, 2 = unhealthy with minimal growth, 3 = good
condition with little stress, and 4 = healthy and vigorous.
Month

Fertilized

Unfertilized

April

Oct.
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Figure 8. Distribution among condition classes for large pot and plug mesquite treatment
groups in May and October, 2007. Condition classes follow Anderson et al. (2004), with
1 = dead or appearing dead, 2 = unhealthy with minimal growth, 3 = good condition with
little stress, and 4 = healthy and vigorous.
Month

Large Pots

Plugs

May

Oct.

- 51 -

Cottonwood and Willow Rooted Cuttings

Survival among the rooted cuttings of cottonwood and willow trees was generally
lower than that of the mesquite. Of 444 planted cuttings, 9% died between the time of
planting and the first measurement in May. Of the 117 cuttings monitored throughout
the growing season, 79% survived from May until October. Within this time span,
cottonwoods survived at a higher rate than willows overall (88% to 74%), and cuttings
planted from 2.8-L pots fared better than cuttings planted from 12-cm plugs (large pots =
93%, plugs = 85% for cottonwoods; large pots = 82%, plugs = 71% for willows).
Mean monthly height values for the rooted cuttings are shown in Table 4.
Overall, cottonwood cuttings reached a greater mean height than willow cuttings by the
end of the first growing season. Despite starting with a lower initial height than willows
as both potted plants and plugs, cottonwoods generally equaled willows after two months
in the ground. Trees planted from 2.8-L pots started with a greater initial height for both
species, and maintained this advantage throughout the growing season.
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Table 4. Monthly mean height (cm) for rooted cuttings, grouped by species and container
size, from May to October 2007. N represents the number of trees monitored, including
those that died.
Monthly Mean Height (S.E.)
Treatment group (N)

Cottonwood

Willow

May

July

Aug

Oct

Overall

18.38

56.26

92.69

125.91

(40)

(2.09)

(4.21)

(5.48)

(7.10)

Large pots

31.43

77.50

112.08

144.62

(14)

(3.39)

(4.02)

(6.94)

(10.56)

Plugs

11.35

43.88

81.23

114.86

(26)

(1.27)

(4.67)

(6.65)

(8.75)

Overall

28.79

55.42

77.22

99.70

(77)

(1.88)

(3.49)

(4.09)

(5.13)

Large pots

46.68

75.80

92.35

116.44

(22)

(3.38)

(4.62)

(5.94)

(6.44)

Plugs

21.64

47.10

70.19

91.97

(55)

(1.36)

(3.99)

(5.00)

(6.58)
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Neither date potted nor date planted displayed a clear linear relationship when
plotted against October height for the rooted cuttings. Figure 9 shows a combined
version of these plots. When I included all four factors in the linear regression, the
overall model did not significantly explain the height variation (p = 0.378). Date planted
had the lowest explanatory power (p = 0.858), so I removed this factor and re-ran the
regression analysis. The 3-factor regression did meet the overall test for significance (p <
0.001), but date potted had a much lower explanatory power than species or container
size (p = 0.341 for date potted, 0.044 and 0.019 for species and container, respectively).
After removing date potted, the regression showed significant explanatory power
for both species and container size. The results from the regression analysis are found in
Table 5, as are the results of the ANOVA test with species and container as dependent
factors. Species and container are each shown as significant in the regression, but the
ANOVA comparison controlling for May height showed that species alone explains a
significant amount of the variation in October height.
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Figure 9. Date potted and date planted plotted against October height (cm) for rooted
cuttings. Dates are transformed into days before or after January 1, 2007 (Day 0).
Cuttings were collected from December until February, and planted in March and April.
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Table 5. Results of regression analysis and univariate ANOVA measuring the influence
of species and container size on October height for rooted cuttings. Treatment labels for
treatments are as follows: SP = species, CON = container size, and MYHT = May height
(covariate). For the ANOVA, sum of squares = Type 3 and the R-squared value for the
corrected model = 0.197.
Regression Analysis
Model

B

Std. Error

t

Sig.

Constant

91.309

5.714

15.980

<.001

SP

24.734

8.210

3.013

.003

CON

26.577

8.433

3.152

.002

ANOVA
Interaction

Sum of Squares

df

Mean Sum of Squares

F

Sig.

Corrected Model

31284.246

4

7821.061

5.327

.001

MYHT

1777.115

1

1777.115

1.210

.274

SP

13887.702

1

13887.702

9.458

.003

CON

2241.843

1

2241.843

1.527

.220

SP * CON

388.045

1

388.045

.264

.608

Error

127743.972

87

1468.322

Total

1265638.000

92
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Finally, Figure 10 displays the distribution among condition classes for rooted
cutting individuals throughout the first growing season. At the time of first measurement
in May 2007, all species and container groups were very healthy, although the
cottonwoods in large pots experienced a higher percent mortality prior to the first
measurement. July and August measurements were very similar for all groups, with
slight increases in mortality. Willows in large pots actually improved in August, with
several individuals moving into the highest-condition class. All groups experienced
gradual mortality by the October measurement, and the end of the growing season saw
plugs of both species moving down from the highest to the second-highest condition
category. Overall, cottonwoods were slightly better off than willows at the end of the
season, but the majority of individuals for both species and container sizes maintained a
healthy condition.
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Figure 10. Distribution among condition classes for cottonwood and willow rooted
cuttings in large pots (2.8 L) and plugs (12 cm) during the growing season. Condition
classes follow Anderson et al. (2004), with 1 = dead or appearing dead, 2 = unhealthy
with minimal growth, 3 = good condition with little stress, and 4 = healthy and vigorous.
Month

Cottonwood
Large Pots

Willow
Plugs

Large Pots

May

July

Aug.

Oct.

Oct.
Total
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Plugs

DISCUSSION
Mesquite Seedlings

Our experimental trials with mesquite seedlings adequately addressed our three
study questions and provide important information for future habitat revegetation projects
in areas with similar soil and water conditions. First, our results suggest that seedlings
planted in the fall can equal the height growth and survival of seedlings planted in the
spring. Growth can be reduced by outside agents, however. At our restoration site,
honey mesquite planted in the fall represent this best-case scenario of equal growth, while
screwbean mesquite planted in the fall performed far worse than their springtime
counterparts (Table 2; Figures 3a, 3c, and 3d). The depressed growth of fall-planted
screwbean mesquite was a result of the parasitic infection, because screwbean seedlings
from the same cohort grew well when planted in the spring (Table 2; Figures 3c and 3e).
The charts of condition class demonstrate the reduced vigor of the screwbean seedlings as
well (Figure 6). Screwbean mesquite in the CRD are naturally slower to break dormancy
than honey mesquite, so the differences in condition class, particularly in early spring,
may result from this life-history difference.
The results of the ANOVA test are difficult to interpret in this instance, because
May height was highly significant as a covariate and May heights were different between
certain groups. Honey mesquite planted in the fall were noticeably taller in May than
their screwbean counterparts (Table 2, Figure 3d). This may have been an unavoidable
consequence of the species’ life-history traits. Screwbean mesquite from cohort 1 had
much larger root-shoot ratios than honey mesquite at the time of planting in November
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2006 (R/S ratio = 1.50 for screwbean, 0.37 for honey, N = 5 for each) (Handler,
unpublished data). If screwbean mesquite directs more early growth toward root
production, this early height difference could arise naturally between the species.
Seedlings planted from large pots in the spring were smaller than seedlings from the same
cohort planted the previous fall, though, and this difference may have been due to a
selection effect between the seedlings. Additionally, seedlings planted from 12-cm plugs
(cohort 2) were expectedly shorter than seedlings from cohort 1. The interaction between
species and planting season (SP * F-S in Table 3, p = 0.140) approaches significance at
the conventional 0.05 p-value so it could account for some of the variation in final
heights, but these differences in May height for the treatment groups obviously
complicate the picture.
Survival for each group was generally high, as mesquite seedlings are remarkably
hardy, but it would be unwise to discount the importance of the two non-demonic (or
possibly demonic) intrusion events that occurred during this experiment (Hurlbert 1984).
Beetle larvae outbreaks and widespread insect infection are concerns in any mesquite
revegetation project in this region (Anderson et al. 2004). If planting in the fall exposes
seedlings to a greater chance of unpredictable or unpreventable harm, managers should
weigh the risk carefully. At the very least, managers should take care to perform any
preventative measures for insect or larval outbreaks when planting in the fall.
The second test question was more straightforward to answer. Our results show
that adding slow-release fertilizer to fall-planted mesquite seedlings does not result in
improved growth or survival over the first growing season. We observed no difference in
mean height, condition class, or survival between the fertilized and unfertilized seedlings
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(Table 2; Figure 4a, 4b, and 4c; Figure 7). The ANOVA test confirms these general
observations, as the fertilizer treatment did not significantly explain the variation in
October heights and none of the interactions between the fertilizer treatment and other
factors proved to be significant (Table 3).
Mesquite is adapted to the soil conditions in the Sonoran Desert and in upland
sections of the CRD, and should not require additional nutrients for optimal growth.
Both mature and juvenile mesquite were present at the restoration site prior to planting
(Table 1) so local soil conditions, including mycorrihizal communities, are likely
adequate for establishment and survival of these species. Additionally, the particular
fertilizer used in this experiment (20-10-5, N-P-K) may have had confounding effects.
Phosphorus is a limiting soil nutrient for mesquite establishment and increasing the level
of this element can stimulate nitrogen fixation (Virginia et al. 1992, Geesing et al. 2000).
Conversely, increased levels of available nitrogen in the soil can suppress nitrogen
fixation, which is the primary means of nitrogen uptake in smaller trees (Geesing et al.
2000). So a phosphorus-based fertilizer treatment may have been more appropriate and
yielded different results.
Our results also provide some interesting information about the performance of
larger, older seedlings versus young plugs when planted in the springtime. There was no
difference between the survival of potted plants and plugs for each species, as mortality
was very low in all groups. With respect to condition of the seedlings, our mesquites in
larger pots initially were in better health than seedlings planted from plugs, but this
difference disappeared by October (Figure 8). Both potted seedlings and plugs reached
the end of the first growing season in similarly healthy condition. Interestingly, the
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ANOVA test suggested that container was not a highly explanatory variable for October
height, again probably due to the fact that May height was a significant covariate (Table
3). Potted seedlings were noticeably larger at the start of the growing season in May,
having grown for an additional year in the nursery, and overall they did maintain this
slight advantage (Table 2; Figure 5a, 5b, and 5c). The interaction between container and
May height was significant, probably because plugs grew faster than seedlings from large
pots (Table 3, Figure 5a). Also, screwbean mesquite grew taller as plugs, while honey
mesquite had greater height as potted seedlings (Table 2, Figure 5b-5e). This is the
reason the interaction between species and container was significant (Table 3).
From a project-planning perspective, these results suggest that it would be more
worthwhile to plant 12-cm plugs of honey and screwbean mesquite in the springtime.
Screwbean growth was optimal from plugs, and the slight difference in final height in
honey mesquite probably does not compensate for the additional labor and cost required
to hold a seedling in the nursery for one extra year. While our results confirm the success
other studies have shown in planting mesquite from large pots (Anderson et al. 2004,
Bean et al. 2004), planting younger seedlings as plugs may provide a more economical
approach when irrigation can be provided and soil quality is good. Similar projects along
the Hardy River in Mexico have shown that mesquite plugs do not tolerate fine-textured,
saline soils, emphasizing the importance of these factors (Sonoran Institute, unpublished
data).

- 62 -

Cottonwood and Willow Rooted Cuttings

The growth and survival results of the rooted cuttings also provided some
interesting information about re-establishing native cottonwoods and willows in areas of
high-quality soil and water. Again, the first study question proved to be the most
substantive. Cuttings planted from 2.8-L pots reached a greater height than cuttings
planted as 12-cm plugs, a trend that held true for both species (Table 4). Although the
initial distribution among condition classes was slightly healthier for 2.8-L individuals,
there was no significant difference in overall condition by October (Figure 10). This is in
agreement with Anderson et al. (2004), who found that cottonwoods and willows from
3.8-L pots grew well and initial condition of planting stock was a determining factor of
future growth. Additionally, cuttings from large pots also survived at higher rates than
plugs for both species. It is not surprising, then, that the regression analysis determined
that container size did explain a significant (p = 0.002) amount of the variation in October
height (Table 5). The ANOVA test controlling for May height, however, suggested that
species alone had an influence on height at the end of the first growing season (Table 5).
This is because cuttings planted from large pots were initially taller than cuttings planted
as plugs, and because cottonwoods grew taller than willows in all cases.
Unlike the experimental setup with mesquite, it is important to remember that
larger individuals were not older in this case. All cuttings were collected during the same
season, so they are all technically the same “age.” It is not clear if the nursery staff
selected larger seedlings to transplant into the 2.8-L pots, or if the seedlings grew more
quickly after being transplanted. Despite this uncertainty, these results suggest that it
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might be better to plant rooted cuttings of cottonwood and willow trees from larger pots.
This decision would depend on the tradeoff between the additional expense of extra
potting media and increased difficulty transporting the rooted cuttings.
Initially, we questioned whether stems harvested early in the dormant phase might
produce roots and shoots differently than stems harvested very close to bud burst. Date
potted was a reasonable surrogate to investigate this question, because all harvested
branches were soaked for a few days at the nursery prior to potting, and we did not keep
records of harvest dates for individual branches. The results of our trials suggest that
harvest date does not have a clear relationship to height at the end of the first growing
season, at least within the collecting timeframe of our experiment (Figure 9). The
conclusion for future habitat restoration projects in the CRD, therefore, is that rooted
cuttings can be collected from December through February without sacrificing eventual
height growth.
Similarly, planting date had little influence on the first-year growth of rooted
cuttings of cottonwoods and willows. This factor had very little explanatory power in the
regression analysis, and shows no clear trend when plotted against October height (Figure
9). Admittedly, we planted within a relatively small time window, but our results show
that rooted cuttings planted anytime from late March through April have an equal
likelihood of growing well in the first growing season.
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Considerations, Limitations, and Closing Remarks

Like most ecological field experiments, these results need to be interpreted
cautiously. These tests were intended as preliminary trials to identify trends for more
controlled studies in the future, but they still need to have standard experimental rigor.
Generally speaking, the most serious limitation of these studies is the lack of replication
(Hurlbert 1984). Because of unsure land access and limited people power, we were
limited to only one field site in which to conduct these trials. If these results are to be
extrapolated to a larger area, within or outside the CRD, it would have been desirable to
replicate these studies in a range of sites. This would account for the range of soil and
water conditions found throughout the delta. As it stands, the individual trees themselves
count as our replicates, and our conclusions may be limited to areas of similar ecological
conditions.
Another general caveat is the short time span of this study. While first-year
success is certainly important in evaluating trends in restoration projects, monitoring
should continue for several years to document actual outcomes. Monitoring will continue
on these experimental plantings, but it is only possible to report our findings through the
first year at this point. Additionally, having a small field staff limited the number of trees
that we were able to monitor on a regular basis. This is more of a consideration with the
rooted cuttings than mesquite, but larger sample sizes would have given greater statistical
power overall.
In the mesquite seedling trials, one major concern is that we cannot ensure that
the two seed cohorts were equally healthy and vigorous. We collected seeds from the
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same stretch along the Colorado River and the Hardy River, and the seeds were
germinated, transplanted, and cared for in generally the same fashion. Even with these
precautions, we cannot be certain that the reduced growth of the fall-planted screwbean
mesquite was not due to a pre-existing seed condition. Furthermore, mesquite seedlings
planted from the large pot cohort in the springtime were smaller than seedlings planted in
the fall (Table 2, Figure 6). Although these groups were each in similar condition at the
time they were planted (Figure 8), this height difference could imply a possible selection
effect, whereby taller seedlings were chosen for planting in the fall and the “leftovers”
were planted in the spring. Again, screwbean mesquite from this cohort grew much
better when planted in the springtime and honey mesquite did not differ markedly from
fall to spring, so the selection effect might not have had a negative bias.
Finally, it appears that our trials for rooted cuttings of cottonwood and willow
were not adequately designed to test the second and third research questions.
Specifically, we did not test a wide enough time window for date potted or date planted.
Neither of these factors resulted in a drop-off in October height at their endpoints, so we
could have gained a more informative picture by potting and planting in systematic
fashion both earlier and later in the year. By testing within a condensed window where
all individuals had the same chance for success, we did not gain any knowledge about an
overall trend or limit for either of these factors. Also, we do not have clear records if
stems harvested from particular dates survived at higher frequencies in the nursery, which
is another key piece of information for determining if certain harvesting dates produced
more viable cuttings.
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In general, our plantings performed quite well, especially given that we watered
them far less than similar projects in the arid southwest (Anderson et al. 2004, Bean et al.
2004). Most mesquite subgroups exceeded the growth forecasts of Anderson et al. (2004)
for the first year, and our trials with Gooding’s willow experienced less mortality than
experienced in revegetation projects in similar areas in the United States.
Studies like these are essential for improving our understanding how to make
habitat restoration more effective and practical. The political, ecological, and
socioeconomic realities of the current CRD will slow the process of securing a
guaranteed water flow to the riparian corridor and upper Gulf of California, but on-theground restoration action is an immediate option. Although revegetation projects along
the Colorado River in Mexico represent a small step toward improved ecological
condition, the great natural value of the region and its severely degraded state mean that
any action could have far-reaching positive effects. This stands true not only for
sustaining vital habitat for endangered species, but in stimulating increased cross-border
research and public interest in the CRD, and eventually generating enough political
momentum to make possible the allocation of consistent freshwater flows for ecological
use.
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CONCLUSION

OTHER PROJECTS AND RESEARCH QUESTIONS UNFIT FOR PUBLICATION

Cottonwood and Willow Pole Collection and Planting

In addition to projects with mesquite seedlings and rooted cuttings of cottonwood
and willow trees, I coordinated a 3-month effort to prepare and plant dormant branch
cuttings (poles) of cottonwood and willow trees. This project ran from the onset of
riparian tree dormancy along the lower Colorado River until bud burst (December 12,
2006, until February 24, 2007). This project was completed with field staff from the
Sonoran Institute and AEURHYC at the same study site as the projects discussed above.
I will cover the highlights of the procedure and results of this project.
To collect, prepare, and plant cottonwood and willow poles in our restoration site,
we followed the guidelines suggested by Bentrup and Hoag (1998). We harvested limbs
from dormant cottonwood and willow trees along the 12-km section of river from the San
Filipito Bridge to the Vado Carranza crossing. Collected limbs were pruned of all lateral
branches and leaves, wrapped in bundles, and soaked in irrigation canals or the pond at
the restoration site until planted. We took care to keep the poles moist while collecting
and chose branches that appeared vigorous and healthy.
Because poles are not irrigated after planting, we selected low-lying areas close to
the pond or an abandoned side channel to provide the shallowest water table. Our field
crew used shovels, post-hole diggers, and soil-core hand augers to dig until the level of
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saturated sand. After inserting the poles and backfilling the hole, we watered them
thoroughly to wet the entire soil column and remove gaps of air. Additionally, we
planted a subset of poles with the terminal buds still attached (hereafter called whips
instead of poles) and in a small number of cases we planted multiple poles in a bundle.
Again, all trees were marked with an ID number on an aluminum tag and surrounded
with a cage of 1-m tall chicken wire. When collecting and planting, we kept records of
several factors for each individual to allow us to compare the eventual success to a suite
of variables. These factors included: species, planting type (whip or pole), length, basal
diameter, date planted, number of days soaked prior to planting, depth to moist soil from
the surface of the planting hole, and number of poles planted in the hole.
Monitoring the poles followed the same schedule as the other projects, and these
plantings initially met with great success. In total, we planted 662 poles, and by April
2007, 372 of these were alive and growing (56%). Of 360 cottonwoods, 117 were alive
at this point (33%), which is the expected survival rate. A greater proportion of largediameter poles (7-10 cm diameter) survived to April than medium (3-6 cm) or small (1-2
cm) poles (% = 58, 32, and 21 for large, medium, and small classes, respectively).
Additionally, cottonwood poles that we planted in February survived at a rate of 55%,
also better than expected.
Compared to the pleasant surprise of the cottonwood poles, the results of the
willow poles were as exciting as winning lottery numbers. Of 302 willow poles, 255
were alive in April 2007 (85%). Grouped into the same diameter classes as the
cottonwoods, 88% of the large-diameter trees were surviving, compared to 92% of the
medium-diameter trees and 66% of the small-diameter trees.

- 69 -

This success was not long-lasting, unfortunately. We selected 57 live poles to
monitor over the summer months (a poor decision on my part - more on that later), and
through July the survival was still a high 84%. In August and September, however, the
survival was only 30%, and by October only 15 poles remained (26%). Because I
selected this subset from poles surviving until April, real overall survival of the poles is
likely more on the order of 10-15%, judging from a quick site visit in October 2007.
The cause of this catastrophic decline was not a mystery. At the end of May, we
observed a farmer pumping water from the pond adjacent to our restoration site with a
tractor and large-diameter pipe and re-directing into the irrigation canal (see Figure 2).
He said he needed water for his fields further downstream, and after a few days of
pumping he left. The farmer returned in June and pumped water for several weeks this
time, draining at least 1.5 m of water out of the pond before my colleagues at SI were
able to provoke any response from the governing organization in Mexicali. Here is a
photo of the edge of the pond from July 2007:
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This quick removal of water likely lowered the water table immediately
surrounding the pond faster than the roots of the poles could grow. A rough calculation of
a 1.5 m decline in 30 days is 5 cm/day, which is twice the level found by Amlin and
Rood (2002) to be detrimental to seedling growth and survival, and greater than any level
even tested by Horton and Clark (2001). I predict that survival until the end of the first
growing season would not have remained at the high April levels, because the harsh
summer climate, current soil conditions, and unnatural water table dynamics in the CRD
are serious challenges for young trees. Nonetheless, survival would have been higher
than the observed 10-15%. Anderson et al. (2004) states that cottonwood and willow
pole plantings are very unpredictable at project locations in the United States, generally
finishing with poor survival. Our unexpected de-watering was surely a contributing
factor to the widespread mortality, though we have no way of knowing to what degree.
Presented with only 17 surviving individuals and 8 experimental factors,
statistical analysis would be irrelevant and inappropriate. The long list of factors grew as
colleagues and I considered what characteristics could potentially influence the success
of a given pole, and we never trimmed the list to a more manageable set of questions.
Even if all 57 monitored trees had survived until October, I still would have been hardpressed to say anything definite about the relative effects of any of the independent
factors. It was a poor decision on my part to suggest that we monitor so few of the poles.
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Watering Regime and the Success of Mesquite Seedlings

A separate series of unplanned events affected my experimental design and
caused me to toss out a question I intended to investigate with the mesquite plantings. As
mentioned above, we watered our plantings much less than recommended by other
restoration experts. This was partially intentional, to test the growth of these plantings
with a level of maintenance that was reasonable for SI’s field staff in the delta. Along
with this, other consultants told us that the watering rate of 30 L/day recommended by
Anderson et al. (2004) was excessive. We decided to test the growth of planted mesquite
seedlings at this watering rate and at a lower rate. I planned to determine this lower rate
by measuring the depth of saturation delivered by the drip emitters in our irrigation
system, and set up a few water depth gauges (tensionometers, loaned by a professor at
UABC) at dummy watering stations. Each mesquite seedling planted in the fall was
randomly assigned an irrigation treatment, with drip emitters of different sizes. I
intended to water the plantings daily for the first week or two to buffer the shock of
transplanting, and during this time I measured the volume of water delivered by the two
classes of emitters. I was systematic about this testing, measuring and re-measuring
several stations throughout the irrigation lines. When one class of emitters proved to be
faulty (they were lower quality and tended to leak quite a bit), we changed out an entire
section of emitters and measured again.
Even after switching to higher-quality emitters, the volume of water delivered to a
particular plant was unpredictable. It seemed like the measured volumes of water were
segregating into three classes rather than two (15-18 L/day, 23-25 L/day, and 28+ L/day),
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and these volumes weren’t related to particular arrangements of emitters. Our irrigation
system lacked any sort of pressure regulation, which probably influenced the watering
volumes. In the end, I decided to scrap the watering question from my study.

Nursery Preparation of Mesquite Seedlings

The staff from SI and AEURYC also wanted to determine if the seedlings
produced from our native plant nursery grew better than seedlings available from other
sources. The Comisión Nacional Forestal in Mexico (CONAFOR), in particular, is often
a source of trees used in community restoration projects or municipal tree-planting
projects in the CRD. We wanted to get a sense of whether our efforts with the nursery
were worthwhile and see if our trees really did perform better than trees available cheaply
from CONAFOR. Therefore, we planted 2 small sections of CONAFOR trees within our
restoration site during the springtime planting (N=20). These trees were all honey
mesquite plugs, and they were unfertilized and included in the same irrigation system as
trees from our own nursery. These seedlings started with relatively high conditions in
May, and achieved 100% survival and a very healthy condition by the end of the growing
season. At the outset, however, they were less than half the size of our own seedlings
(CONAFOR: 11.05 cm, SE = 1.13, vs. SI/AEURHYC: 25.70 cm, SE = 1.75). This
disparity continued throughout the growing season and by October the CONAFOR
seedlings averaged 35 cm shorter than our own (CONAFOR: 132.60 cm, SE = 11.58 vs.
SI/AEURHYC: 167.02 cm, SE = 9.25). Judging by the initial condition and height, the
greater size of our seedlings is almost certainly indicative of more attentive care in the
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nursery. It isn’t easy to predict future growth of the CONAFOR seedlings compared to
seedlings produced by our nursery, but the superior first-year performance of these
seedlings speaks well for the quality of planting stock produced by our nursery staff.

PROBLEMS AND OBSTACLES FACED

The year I spent in Mexico was not a stroll in the park, by any means. Every
week brought new challenges, and although a few are mentioned in the above sections I
think it would be helpful to discuss a few to assist future restoration work in the CRD.
Mother Nature constantly provided unexpected challenges to the work at our
restoration site. After laying out irrigation lines and spaghetti tubes, it was a ceaseless
task keeping the lines buried and repaired. Whether they sensed it was a source of fresh
water or purely for the novelty, rabbits, raccoons, and other small mammals often dug
through the sand to nibble on the polyethylene tubes or chewed through hoses exposed by
blown soil. It is worth the initial time investment to bury irrigation lines deeply (at least
6 inches), and if spaghetti lines run near the surface they should be continually checked.
Additionally, it soon became clear that the pond near our restoration site hosted a small
and lively beaver population. This was encouraging from a wildlife conservation point of
few, but unfortunately we learned of their presence after several bundles of cottonwood
poles were destroyed while soaking in the lagoon. After a few more bundles were taken,
we found that wrapping cut and pruned branches of cottonwoods and willows in smallgauge chicken wire is usually effective at deterring hungry beavers. Wrapping the bundle
in a plastic tarp provides an additional line of defense – out of sight, out of mind. Despite
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repeated warnings that beavers would ravage our poles and rooted cuttings unless we
used heavy-duty wire fencing, ordinary chicken wire proved effective at protecting plants
after planting. This chicken-wire defense was also vital for our mesquite seedlings,
because every time a windstorm toppled the cages, we were sure to see lots of browsing
the next morning.
Insects also plagued our restoration site, above and below ground. As I
mentioned above, a wave of June beetle larvae killed nearly 20% of our fall-planted
mesquite in the early spring of 2007. After identifying the grubs and learning that they
are major pests in wheat fields, I remembered that one of our field workers told me that
the surrounding area inside the flood levees used to be farmland. If restoration projects
are planned on agricultural land, it would be wise to pay attention to natural methods of
avoiding larvae outbreaks (proper timing of planting, etc). Unfortunately, we decided to
use crystalline insecticide on our mesquite trees in the severely affected areas, which was
a difficult choice that seemed contrary to our overall goal. The above-ground insect
attack, lepidopteran larvae on the fall-planted screwbean mesquite, is discussed by
Anderson et al. (2004) and seems like an unavoidable problem. Perhaps our best decision
was simply to plant a mixture of both species, because certain pests are specific to each.
Again, if spring planting really does help young seedlings avoid these attacks at crucial
stages in their development, I would encourage planting screwbean mesquite primarily in
the late spring. To borrow a line from Robert Logan (College of Forestry and
Conservation Network Administrator), the over-riding message is: eternal vigilance.
Moving away from natural obstacles, some of the challenges we faced were due
to the sociopolitical conditions in the CRD. As mentioned above, unauthorized
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dewatering of the pond in our restoration site ruined nearly 3 months of work. Three
related underlying problems are represented by this incident. First, there is a scant sense
of connection to the Colorado River in Mexico. Less than 10 years ago, people in the
nearby towns viewed the area as a “no-man’s-land” that was unsafe due to illegal drug
activities. While more frequent patrolling by the military has eased most of the worry
about the safety of the area, the sense of disconnection is still apparent. In fact, people
use the floodplain area as a place to dump trash, scavenge for firewood and building
materials, and leave dead livestock, among other things. We spent a great deal of effort
making our work sites vandal-proof, and this threat was one contributing factor to
abandoning another potential restoration site. My most ironic moment in Mexico came
when woodcutters chopping down dead cottonwood trees near our site got stuck on our
access road, and I had to help them unload and re-load their cargo in order to leave work
at the end of the day.
Along the same line, an escaped trash fire was my worst nightmare, though
thankfully it has yet to happen at one of our project sites. Fire is the main cause of tree
mortality along the Colorado River corridor in Mexico, and 12% of the total floodplain
experienced a fire in 2002 alone (Nagler et al. 2005). Mesquite and large cottonwoods
and willows can re-generate successfully after fire, but small trees like ours wouldn’t be
fire tolerant for several years, and it would be devastating to lose so much hard work to a
fire. Also, saltcedar makes up the majority of the ground cover in the upper CRD (35%
by some estimates) and re-sprouts more effectively than native riparian trees after a fire,
so each fire tips the scales further in favor of this invasive species (Nagler et al. 2005).
SI, AEURHYC, Pronatura, and many other organizations are working very hard to raise
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awareness at local, state, and national levels about the importance of protecting the
Colorado River as a natural habitat, and their work in the communities surrounding the
river is particularly inspiring. Until farmers would rather maintain natural habitat along
the river than take this “free” water for their fields, or local people would rather take their
trash to a municipal dump than burn it along the river, the job is incomplete.
Second, the lack of policing and authority is an obstacle facing all work in the
lower Colorado River in Mexico. The upper Gulf of California and the intertidal zone of
the CRD are protected as a national biosphere reserve, but the riparian corridor in Mexico
is not part of this protected area. SI and other institutions are working to formally
designate the riparian corridor as a natural protected area of some kind, and the office of
the Secretary of the Environment and Natural Resources in Mexico (SEMARNAT) is
considering the proposal. Even formal designation would not eliminate all harmful
activities since the gulf biosphere reserve sees a great deal of illegal fishing, but it could
increase the potential that government officials in Mexicali would respond more quickly
to reports of unauthorized actions in the river’s floodplain.
Finally, the land tenure situation along the Colorado River in Mexico makes it
difficult to invest resources into fieldwork. All of the land between the flood control
levees is federally owned and managed by CONAGUA. They are not active stewards of
the land, which contributes to an “open access” attitude. Organizations like AEURHYC
and Pronatura can apply for land concessions within the floodplain (SI isn’t allowed, as a
US institution), but the process is incredibly tedious and concessions are granted for only
30 years. SI is driving this process and they were committed to working on 10 ha of land
in 2006, so we began working while the land concession application was still in the
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works. Pronatura began applying for a large concession that encompasses our restoration
site a year and a half ago, but they still have not been granted formal title to the land.
Investing so much time and energy into restoration projects with no assurance of
ownership or a long-term lease is a questionable practice. Not only are we powerless to
control water-users, woodcutters, and vandals, but the government could decide to grant
an alternate concession to turn our restoration site into a wheat field at any moment.

TAKE-HOME THOUGHTS

As I mentioned above, habitat revegetation projects are only a small piece of the
larger ecological restoration picture. Removing the underlying impediments that prevent
natural ecological functions should be the primary goal, and we should never lose sight of
what this means for the CRD: water. Dedication of a base-level water flow to the
Colorado River in Mexico and the Upper Gulf is the only way to produce a large-scale
rebound in the system, and the only way to assure that any positive steps are secure for
the future. Water management options could range from iron-clad government mandates,
to free-market arrangements that place a price tag on a healthy delta, to cooperative
agreements based on mutual benefit. The role of habitat revegetation, in this case, is
twofold.
First, revegetation projects are useful as demonstrations. Not only can work like
ours generate interest locally, nationally, and internationally, but it also proves to people
that these habitats can indeed be restored. Our restoration site hosted visitors from local
and regional media, federal agencies, and schools in Mexico and the United States.
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Lobbying for future actions and water dedication is vital, but until those events come to
pass we need to have something tangible to show people, to sustain interest and recruit
new audiences. Selling the idea of a restored delta will be vital to forging some sort of
water agreements between Mexico and the United States. When a wider audience and
important decision-makers can see local people working hard to grow healthy, native
forests in the CRD, they will be more likely to rally behind the cause.
Second, revegetation projects can add value to an ecologically impoverished area.
Several endangered species in the United States and Mexico depend on habitats in the
CRD, and some habitat types are clearly better than others. Cottonwood-willow forests
in riparian areas are one of the most valuable habitat types for wildlife in arid areas of the
Colorado River basin, and studies have demonstrated that birds preferentially select
native stands, especially if water is present nearby (Hinojosa-Huerta, presentation at the
2007 Bi-National Lower Colorado River Conservation Meeting, Tucson, AZ, USA). So
there is clear advantage in converting small sections of mostly bare habitat to mesquite
bosques and cottonwood forests, even if the surrounding areas are low-value habitat such
as cotton fields.
I have been quiet on the issue of saltcedar up to this point, but I think it is
worthwhile to point out that wholesale removal of saltcedar stands is not in the best
interests of habitat improvement. Saltcedar does provide often-used habitat, especially
given the lack of native riparian forests, and it is often the only species that can flourish
in the unnatural flow regime and briny conditions. Researchers Bertin Anderson and
Osvel Hinojosa-Huerta speak and write very convincingly on this matter (Anderson 1995,
Anderson et al. 2004, Hinojosa-Huerta, presentation at the 2007 Bi-National Lower
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Colorado River Conservation Meeting, Tucson, AZ, USA). I think an important
component of SI’s restoration vision for the Colorado River riparian corridor is that we
did not emphasize large-scale removal of saltcedar. Eradication of this species is simply
not possible with the resources available, even at small scales, and we only removed
sparse stands of saltcedar where we immediately intended to begin planting.
I believe that habitat revegetation projects are beneficial for limited purposes,
even when enacted without solving the larger impediments facing natural ecosystem
function. Further pilot studies will be necessary to demonstrate potential restoration
successes in riparian, wetland, and estuarine habitats, as well as to stimulate more
attention and action in the region. That said, successful ecological restoration within the
CRD will only be possible with legally-binding water commitments from the United
States and Mexico. This is where I would spend my first dollar, whether to start a fund
for outright purchase of water rights or investigating other mechanisms to cooperatively
secure water for the CRD. A US-based institution like the Sonoran Institute could not
sustain this effort in Mexico without substantial help from partner organizations, so I
think the SI-AEURHYC-Pronatura model will be useful for other nonprofit and
governmental organizations to follow.
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